N-type voltage-dependent Ca 2؉ channels (VDCCs), predominantly localized in the nervous system, have been considered to play an essential role in a variety of neuronal functions, including neurotransmitter release at sympathetic nerve terminals. As a direct approach to elucidating the physiological significance of N-type VDCCs, we have generated mice genetically deficient in the ␣1B subunit (Cav 2.2). The ␣1B-deficient null mice, surprisingly, have a normal life span and are free from apparent behavioral defects. A complete and selective elimination of N-type currents, sensitive to -conotoxin GVIA, was observed without significant changes in the activity of other VDCC types in neuronal preparations of mutant mice. The baroreflex response, mediated by the sympathetic nervous system, was markedly reduced after bilateral carotid occlusion. In isolated left atria prepared from N-type-deficient mice, the positive inotropic responses to electrical sympathetic neuronal stimulation were dramatically decreased compared with those of normal mice. In contrast, parasympathetic nervous activity in the mutant mice was nearly identical to that of wild-type mice. Interestingly, the mutant mice showed sustained elevation of heart rate and blood pressure. These results provide direct evidence that N-type VDCCs are indispensable for the function of the sympathetic nervous system in circulatory regulation and indicate that N-type VDCC-deficient mice will be a useful model for studying disorders attributable to sympathetic nerve dysfunction. V oltage-dependent Ca 2ϩ channels (VDCCs) mediate calcium entry into cells, which is essential for a wide variety of physiological functions. Among three types of VDCCs, P͞Q-type, N-type, and R-type, predominantly expressed in neuronal cells (1, 2), N-type Ca 2ϩ channels have been recognized as high-voltage-activated Ca 2ϩ channels selectively sensitive to blockade by -conotoxin GVIA (-CTX), a 27-amino acid peptide isolated from the venom of the fish-hunting cone snail Conus geographus, but resistant to the L-type Ca 2ϩ channelspecific blockers such as dihydropyridines. Molecular studies have revealed that the ␣ 1B (Ca v 2.2) subunit gene encodes N-type Ca 2ϩ channels and is expressed widely in neuronal tissues (3-12). Experiments employing -CTX have demonstrated the physiological significance of the N-type Ca 2ϩ channels in the nervous system, where they have a specific developmental role in the migration of immature neurons before the establishment of their synaptic circuit (13). N-type Ca 2ϩ channels have been shown to be critically involved in the release of neurotransmitters, including glutamate (14-16), ␥-aminobutyric acid (14), acetylcholine (17), dopamine (18) (19) (20) , and norepinephrine (21) in mammalian central neurons. For instance, in CA1 hippocampal neurons, the inhibitory GABAergic synaptic potentials are reduced by 85-90% by saturating concentrations of -CTX, whereas the excitatory glutaminergic transmission is blocked by 65-70% (16).
V
oltage-dependent Ca 2ϩ channels (VDCCs) mediate calcium entry into cells, which is essential for a wide variety of physiological functions. Among three types of VDCCs, P͞Q-type, N-type, and R-type, predominantly expressed in neuronal cells (1, 2) , N-type Ca 2ϩ channels have been recognized as high-voltage-activated Ca 2ϩ channels selectively sensitive to blockade by -conotoxin GVIA (-CTX), a 27-amino acid peptide isolated from the venom of the fish-hunting cone snail Conus geographus, but resistant to the L-type Ca 2ϩ channelspecific blockers such as dihydropyridines. Molecular studies have revealed that the ␣ 1B (Ca v 2.2) subunit gene encodes N-type Ca 2ϩ channels and is expressed widely in neuronal tissues (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Experiments employing -CTX have demonstrated the physiological significance of the N-type Ca 2ϩ channels in the nervous system, where they have a specific developmental role in the migration of immature neurons before the establishment of their synaptic circuit (13) . N-type Ca 2ϩ channels have been shown to be critically involved in the release of neurotransmitters, including glutamate (14) (15) (16) , ␥-aminobutyric acid (14) , acetylcholine (17) , dopamine (18) (19) (20) , and norepinephrine (21) in mammalian central neurons. For instance, in CA1 hippocampal neurons, the inhibitory GABAergic synaptic potentials are reduced by 85-90% by saturating concentrations of -CTX, whereas the excitatory glutaminergic transmission is blocked by 65-70% (16) .
In peripheral neurons such as autonomic neurons and motor neurons and in spinal cord neurons, N-type Ca 2ϩ channels have been suggested to contribute to the release of neurotransmitters from nerve terminals (22) . The blockade of Ca 2ϩ currents by -CTX showed a potent antinociceptive effect (23) , because many of the nerve terminals expressing the N-type Ca 2ϩ channels contain the nociceptive peptide substance P (12) . In guinea pig trachea, acetylcholine release caused by electrical stimulation was inhibited by -CTX. -CTX also inhibited neurotransmitter release in cultured rat sympathetic neurons (22, 24) and in anesthetized cat heart (25, 26) . Furthermore, -CTX suppressed the sympathetic nerve-mediated positive-inotropic effects in isolated guinea pig atria (27) (28) (29) and blocked sympathetic cardiac efferent activity in conscious rabbits (30) . These results suggest that N-type Ca 2ϩ channels play important roles in both the central and peripheral nervous systems. However, considering that -CTX is a relatively large polypeptide with limited distribution into tissues and that it does also inhibit certain L-type Ca 2ϩ channels in neurons (31, 32) , an alternative direct approach is necessary to elucidate in detail the in vivo functions of N-type Ca 2ϩ channels. Recently, genetically engineered mice lacking the ␣ 1A (P͞Q-type) (33) , ␣ 1E (R-type) (34) , ␣ 1c (L-type) (35) , or ␣ 1D (L-type) (36) subunit have been developed to clarify the in vivo functions of P͞Q-type, R-type, or L-type Ca 2ϩ channels. The ␣ 1A subunitdeficient mice exhibit a rapidly progressive neurological deficit with specific characteristics of ataxia and dystonia before dying within 3-4 weeks after birth. The ␣ 1E subunit mutant mice show attenuation of the inhibitory effect of the descending antinociceptive pathway, causing abnormalities in pain responses. The ␣ 1D subunit-deficient mice lack L-type currents in cochlear inner hair cells, causing deafness, and show dysfunction of the sinoatrial node, suggesting that the ␣ 1D subunit is essential for normal auditory function and regulation of cardiac pacemaker activity. Thus a genetic approach is extremely effective in elucidating the physiological functions of the respective VDCC types. In this study we have explored the physiological significance of N-type Ca 2ϩ channels by creating genetically engineered mice lacking the ␣ 1B subunit. The results indicate that genetic elimination of N-type Ca 2ϩ channels leads to specific deficits in the sympathetic regulation of the circulatory system, suggesting that this strain will be useful for studying the mechanism of neurotransmission and autonomic failure.
Materials and Methods
Generation of Knockout Mice of ␣1B Subunit of VDCCs. A genomic DNA clone with the coding exons was isolated from the FIXII library prepared from genomic DNA of 129SVJ mice (Stratagene) with the use of a suitable probe. The probe (a 0.7-kb cDNA fragment), which corresponds to the cytosol region from 2,476 to 3,167, was amplified with primer set B3-1 (5Ј-TTGTACAGTGAGATGGACCCTGAGGAGC-3Ј) and B3-2 (5Ј-GGCCTCCAGGTCACAGTGAGGT TCCT TGGG-3Ј). The phosphoglycerol kinase promoter neomycin resistance cassette was inserted between the 5Ј homology region (3.1 kb) and the 3Ј homology region (6.7 kb) at the AatII restriction enzyme site of the genomic DNA clone, which was subcloned to the thymidine kinase cassette of pBluescript SKϩ (Stratagene). The constructed targeting vector contained sequences identical to those of the mouse genome, except for the interruption by the positive selection marker, the phosphoglycerol kinase promoter neomycin resistance cassette.
The constructed targeting vector was electroporated into TT2 embryonic stem (ES) cells (37) . Gene targeting was screened by Southern blotting with the use of two 5Ј probes, one out of the targeting region and the other in an internal homologous region. Gene-targeted ES cell clones were injected into fertilized eggs at the eight-cell stage of ICR mice. Chimeric male mice were mated with C57BL͞6 females, and heterozygous male and female mice were interbred to generate mice in which the ␣ 1B subunit of VDCCs was knocked out.
Southern Blot Analysis. Genotyping of tail DNA was performed by Southern blot analysis. BamHI-digested DNA was probed with isolated genomic DNA (Pro N) obtained from NcoI digestion.
Reverse Transcription-PCR. The expression pattern of mRNA in the brain was confirmed by reverse transcription-PCR. After the synthesis of complementary DNAs from total RNAs with SuperScript II reverse transcriptase (Life Technologies, Rockville, MD) with an oligo(dT) primer, the fragments were amplified with primer sets P1 (5Ј-CCAGACATGAAGACACACATG-GAC-3Ј) and P3 (5Ј-GCCTGTCAGTGTCACTGGGACATG-CACACAGT-3Ј) for the detection of the wild-type mRNA, or primer sets P2 (5Ј-ATGCTCCAGACTGCCTTGGGAA-AAGCGCCT-3Ј) and P3 for mutant mRNA. The predicted fragment sizes from the wild type and the mutant were 764 bp and 509 bp, respectively.
Northern Blot Analysis. Northern blot analysis of the ␣ 1B subunit of N-type VDCCs in the brain was carried out with the use of the 0.7-kb cDNA probe prepared in phage clone screening. Total RNA was prepared from brain tissue by the acid guanidiniumphenol-chloroform method. Poly(A) ϩ was purified by oligo(dT) column chromatography, according to the manufacturer's instructions (Amersham Pharmacia). Poly(A) ϩ RNA (5 g per lane) was electrophoresed through a 0.5% formaldehydeagarose gel and transferred to a nylon membrane (DuPont͞ NEN). Radiolabeled probe was hybridized overnight in ExpressHyb (CLONTECH).
Electrophysiological Study by Whole-Cell Recording. Electrophysiological measurements were performed on dorsal root ganglion and superficial cervical ganglion. Currents were recorded at room temperature (22) (23) (24) (25) with the use of the whole-cell mode of the patch-clamp technique (38) with an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA). Patch pipettes were made from borosilicate glass capillaries (1.5 mm outer diameter, 1.1 mm inner diameter; Narishige, Tokyo) with a model P-87 Flaming-Brown micropipette puller (Sutter Instruments, San Rafael, CA). The patch electrodes were firepolished. Resistance ranged from 1 to 2 M⍀ when the pipettes were filled with the pipette solutions described below. The series resistance was electronically compensated to Ͼ70%, and both the leakage and the remaining capacitance were subtracted by the -P͞6 method. Currents were sampled at 10 kHz after low-pass filtering at 2 kHz (Ϫ3 dB) with the use of an 8-pole Bessel filter (model 900; Frequency Devices, Haverhill, MA). Data were collected and analyzed with PCLAMP 6.02 software (Axon Instruments). Ba 2ϩ currents were recorded in an external solution that contained (in mM) 3 BaCl 2 , 155 tetraethylammonium chloride, 10 Hepes, and 10 glucose (pH adjusted to 7.2 with tetraethylammonium hydroxide). The pipette solution contained (in mM) 85 cesium-aspartate, 40 CsCl, 2 MgCl 2 , 5 EGTA, 2 MgATP, 5 Hepes, and 10 creatine phosphate (pH adjusted to 7.4 with CsOH). In the experiments with -agatoxin IVA (0.1 M), -CTX (1 M), and nimodipine (10 M), the external solution was always supplemented with 0.1 mg͞ml cytochrome c. Cytochrome c at 0.1 mg͞ml had no effect on Ba 2ϩ currents. Rapid application of drugs was achieved by using a modified ''Y-tube'' method (38) . The external solution surrounding a recorded cell was completely exchanged within 200 ms.
Measurement of Atrial Pressure and Heart
Rate. Mice were anesthetized with urethane (1.5 g͞kg, i.p.). The throat was incised, and polyethylene tubing (PE-10; Becton Dickinson) filled with PBS containing 100 units heparin͞ml was inserted into the right common carotid artery and connected to a microtip catheter pressure transducer (PM-500; Millar Instruments, Houston, TX). Pulsatile pressure and mean arterial blood pressure were recorded on a thermal array recorder (RTA-1100 M; Nihon Koden, Tokyo) via a carrier amplifier (AP-601G; Nihon Koden). The heart rate was calculated with a tachometer triggered by pulse pressure with the use of a heart rate counter (AT-601G; Nihon Koden). Another stretched PE-10 catheter was inserted into the right jugular vein for administration of -CTX. The left carotid artery was ligated for 30 s with 6-0 silk sutures to observe the baroreflex responses. The preparation was allowed to stabilize for at least 30 min before the start of the experiment.
Inotropic Responses to Electrical Field Stimulation.
The wild-type and knock-out mice were killed by cervical dislocation. The heart was rapidly removed and placed in oxygenated Tyrode's solution (see below) at room temperature. The left atrium was then dissociated, and contractile force was measured with a forth displacement transducer (CD200; Nihon Koden) at 37°C. The Tyrode's solution contained (in mM) 123.8 NaCl, 5.0 KCl, 2.0 CaCl 2 , 1.2 MgCl 2 , 25.0 NaHCO 3 , and 11.2 glucose.
Isolated left atria were stimulated at 2 Hz with a voltage just above the threshold for basal contraction (1-ms duration) for 30 min to stabilize the basal contraction. Thereafter 4 field pulses (0.1-ms duration, 1.5 times basal stimulation voltage, 200 Hz) were applied in each basic stimulation for 15 s for sympathetic or parasympathetic nerve stimulation. To assess responses to sympathetic or parasympathetic nerve stimulation, atria were perfused with 1 M atropine or 1 M propranolol, respectively.
Norepinephrine Plasma Levels. Blood samples were collected from mice anesthetized with urethane (1.5 g͞kg, i.p.). At 30 min after the anesthesia induction, 400 l of blood was drawn from the left artery with a syringe containing EDTA͞2Na (0.37 mg͞ml) and centrifuged. Plasma (200 l) combined with saline (200 l), activated alumina (50 mg), and 3,4-dihydroxybenzylamine (2.5 ng) as an internal standard was rotated for 1.5 h at 4°C. The alumina was washed with chilled distilled water three times, then plasma norepinephrine was extracted with 0.1 M perchloric acid (200 l) and quantified by HPLC with electrochemical detection as described previously (39) .
Data Analysis. Values are expressed as means Ϯ SE. Statistical comparison was performed with Student's t test ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001).
Results
Creation of ␣1B Subunit-Deficient Mice. To disrupt the ␣ 1B subunit gene, phosphoglycerol kinase promoter neomycin resistance cassette was fused with the genomic exon that encodes the central portion of the cytoplasmic repeat II-III linker, in the reverse direction (Fig. 1a) . Linearized targeting vector was electroporated into ES cells, and targeted ES cells were screened. Nine of 116 clones were identified as targeted ES cells by Southern blot analysis. Chimeric mice were generated from three of five clones independently and backcrossed to C57BL͞6. Homozygous mice obtained from heterozygotes were intercrossed to obtain homozygous mice (Ϫ͞Ϫ). The offspring from heterozygote mating were 22.4% (54͞241) wild type, 53.1% (128͞241) heterozygous mutant, and 24.5% (59͞241) homozygous mutant, the genotypes of which were determined by Southern blot analysis with the use of the genomic DNA (Fig.  1b) . The ratio fits that expected from Mendelian theory by 2 analysis, surprisingly suggesting that the disruption of the ␣ 1B subunit of N-type Ca 2ϩ channels is not embryonic-lethal. Reverse transcription-PCR assay confirmed the absence of normal ␣ 1B RNA transcripts and the presence of disrupted transcripts in the brain of mutant mice (Fig. 1c) . Northern blotting revealed two normal ␣ 1B transcripts (8.5 and 10.3 kb) in the brain (6) from wild-type and heterozygous mice, but only extremely low-level expression of the aberrant 11.5-kb transcript, which represents the ␣ 1B RNA transcript disrupted by insertion of the antisense sequence of the neomycin cassette, in homozygous mutant mice (Fig. 1d) . The homozygous mutant mice were alive after more than a year without apparent behavioral defects and were capable of producing offspring with a normal litter size. In the cerebral cortex, the anatomical-histological features in neuron, glias (including astrocytes, oligodendrocytes, and microglias), and endothelial cells were indistinguishable between the wild mice and the mutant mice (6-20 w) (Fig. 2) . The sizes and cell density of the granule cell layer, the Purkinje cell layer, and the molecular cell layer in the cerebellum of mutant mice appeared normal in their cell number, shape, and anatomical arrangement. Furthermore, no obvious changes were found in heart, kidney, lung, liver, or spleen of mutant mice (data not shown).
Ablation of N-Type Ca 2؉ Currents in Neurons of Superior Cervical
Ganglion. Sympathetic neurons are a useful system in which to quantitatively relate VDCC activity with the downstream cellular response, i.e., neurotransmitter release (22) . Deficit of the ␣ 1B subunit caused a significant reduction in the total Ba 2ϩ current density (45.5 Ϯ 3.9 pA͞pF, n ϭ 15) in neurons of the superior cervical ganglion (SCG) of mutant mice compared with wild-type mice (73.7 Ϯ 3.8 pA͞pF, n ϭ 15, P Ͻ 0.001). We determined the relative contribution of N-type Ca 2ϩ channel current to the total Ca 2ϩ channel currents in SCG neurons. Electrophysiological recordings demonstrated the coexistence of L, N, and P͞Q types, distinguished by dihydropyridines, -CTX, and -agatoxin IVA, respectively, and the residual R type in each neuron. L-, P͞Q-, and R-type VDCCs are encoded by the ␣ 1C or ␣ 1D , ␣ 1A , and ␣ 1E gene, respectively. SCG neurons from wild-type mice showed large -CTX-sensitive N-type currents (32.6 Ϯ 3.2 pA͞pF, n ϭ 15) that did not recover from blockade by -CTX upon washout, whereas N-type current was only marginal in ␣ 1B -deficient mice (0.7 Ϯ 0.3 pA͞pF, n ϭ 15). In contrast to the N-type current, the L-type component sensitive to the dihydropyridine derivative nimodipine and the P-type current component blocked by 0.1 M -agatoxin IVA were unaffected by the disruption of the ␣ 1B subunit gene (Fig. 3) . These results indicate that the reduction of total Ca 2ϩ channel currents is due to elimination of the -CTX-sensitive N-type current in deficient mice and that compensation for the reduced current fraction by other types of Ca 2ϩ channels was absent in SCG neurons of deficient mice. Similar selective elimination of N-type currents by ␣ 1B gene disruption was observed in other neuronal preparations, such as dorsal root ganglion cells (data not shown).
Chronic Elevation of Blood Pressure and Heart Rate Is Insensitive to
Administration of -Conotoxin GVIA. It has been reported that administration of -CTX causes hypotension in rabbits and guinea pigs (30, 40) , and therefore we measured arterial blood pressure (AP) and heart rate (HR) through a catheter placed in the carotid artery in anesthetized mice. A group of five animals (13-15 weeks) weighing 31.6 Ϯ 8.2 g and 31.5 Ϯ 3.8 g for wild and knock-out mice, respectively, were used. Surprisingly, under the control condition, mean AP (mAP) and HR in knock-out mice were 102.0 Ϯ 4.3 mmHg and 714.0 Ϯ 11.5 beats per minute, respectively, which are significantly higher than those in wildtype mice (77.0 Ϯ 3.9 mmHg and 625.4 Ϯ 20.0 beats per minute; Fig. 4) . Administration of -CTX (30 g͞kg) decreased significantly the mAP by 22.6 Ϯ 2.6 mmHg and HR by 158.4 Ϯ 41.3 beats per minute in wild-type mice after 30 min, but exerted only marginal effects on mAP and HR in knock-out mice (2.4 Ϯ 1.0 mmHg and 10.3 Ϯ 7.0 beats per minute). These results clearly demonstrate that the genetic deficit of N-type VDCCs leads to higher levels of mAP and HR, suggesting abnormalities in the regulation of cardiovascular function in N-type-deficient mice.
Abnormalities of Bilateral Carotid Artery Occlusion Response.
To assess sympathetic nerve function in knock-out mice, we first studied the carotid baroreflex function. The baroreceptors located in carotid sinus detect changes in aortic blood pressure and regulate blood pressure through the activation of sympathetic or parasympathetic nerve via the central nervous system (solitary nucleus, C1 region, and intermedius lateral column). When bilateral carotid artery is occluded, the blood pressure in the carotid sinus decreases, and activation of sympathetic nerve is triggered to increase blood pressure. We measured the change in mAP in response to bilateral carotid artery occlusion under anesthesia (41) . Fig. 5 summarizes the change in mAP at the end of bilateral carotid artery occlusion (30 s). In wild-type mice, mAP was increased by bilateral carotid artery occlusion (21.7 Ϯ 5.2 mmHg, n ϭ 5), and this baroreflex was significantly suppressed by 30 g͞kg of -CTX (5.8 Ϯ 1.2 mmHg, P Ͻ 0.05). On the other hand, in knock-out mice, only a slight increment of AP was observed (7.6 Ϯ 2.1 mmHg, n ϭ 5), and the change was unaffected by -CTX. The change in mAP via baroreflex in ␣ 1B -deficient mice was not significantly different from the change in wild-type mice treated with -CTX, revealing a lack of compensation by VDCC types other than N in the mutant mice. These results demonstrate that carotid baroreflex function, predominantly mediated by N-type VDCCs in wild-type mice, was greatly impaired in N-type knock-out mice.
Impaired Inotropic Contraction in Isolated Left
Atria. Because the possibility that sustained up-regulation of sympathetic activity impairs baroreflex and maintains high basal mAP and HR in N-type-deficient mice cannot be excluded, we next assessed sympathetic nerve activity directly by measuring inotropic responses to electrical field stimulation (EFS) in isolated left atria. The contractile force of atria is modulated by both sympathetic nerve and parasympathetic nerve in opposite directions. Norepinephrine released from sympathetic nerve endings increases the contractile force through the ␤-adrenergic receptor stimulation, leading to calcium channel current potentiation, whereas acetylcholine released from the parasympathetic nerve endings decreases the contractile force via the muscarinic acetylcholine receptor stimulation, leading to the activation of G-proteingated inwardly rectifying K channels. Therefore, an antimuscarinic (anticholinergic) agent atropine or an adrenergic receptor blocker propranolol was used to examine separately the function of sympathetic or parasympathetic nerve activity, respectively (29) . A positive inotropic response that was abolished after treatment with -CTX (30 nM) was induced by EFS in atria of wild-type mice in the presence of atropine (Fig. 6a, Upper) . In contrast to wild-type mice, only a slight increment of contractile force, which was unaffected by -CTX, was induced by EFS in knock-out mice (Fig. 6a, Lower) . The positive inotropic response to EFS in the left atrium of wild-type mice (34.7 Ϯ 5.9% change from basal contraction, n ϭ 5) was significantly higher than that of knock-out mice (8.1 Ϯ 2.4% change from basal contraction, n ϭ 5; Fig. 6b ). In the presence of -CTX, the positive inotropic response in knock-out mice (8.3 Ϯ 2.4%) was significantly higher than that in wild-type mice (1.9 Ϯ 0.9%), suggesting that some compensatory mechanism strengthens the atrial contraction. Because autonomic regulation of blood pressure includes parasympathetic regulation as an important mechanism, we also examined the activity of parasympathetic neurons in wild-type and knock-out mice by measuring the negative inotropic responses to EFS in atria in the presence of propranolol (1 M) (Fig. 6c) . The amplitudes of negative inotropic responses to EFS were indistinguishable between wild-type mice (23.2 Ϯ 5.0%, n ϭ 5) and knock-out mice (24.6 Ϯ 2.5%, n ϭ 5, Fig. 6d ). The positive inotropic response induced by EFS should reflect the amount of norepinephrine released from sympathetic nerve endings, because the positive inotropic response was completely blocked by tetrodotoxin (sodium channel blocker, 0.1 M) or propranolol, and the atrial muscles of wild-type and knock-out mice showed similar sensitivities to externally applied isoproterenol (␤-adrenergic-receptor agonist) and propranolol (data not shown).Furthermore, the heart-weight͞body-weight ratio of knock-out mice (0.551 Ϯ 0.017%, n ϭ 10) showed no obvious difference from that of wild-type mice at 20 weeks of age (0.561 Ϯ 0.014%, n ϭ 10), i.e., there was no indication of heart failure in mutant mice, although abnormal activity of the sympathetic nervous system has been implicated in the pathogenesis of heart failure (42, 43) . These results suggest that the neurotransmitter release in sympathetic nerve terminals in wild-type mice is controlled by N-type VDCCs, the contribution of which is only slightly compensated for by other types in knock-out mice, but that parasympathetic nerve activity is regulated by types other than N-type VDCCs.
Discussion
The present investigation has demonstrated selective elimination of N-type VDCC activity in SCG neurons and sympathetic nerve terminals in ␣ 1B -deficient mice, in which sympathetic nerve activity was markedly diminished but parasympathetic nerve activity was unaffected. The results obtained with genetically engineered deficient mice provide direct evidence that the function of the sympathetic nervous system is predominantly regulated by N-type VDCCs in vivo, strongly suggesting that the essential role of N-type Ca 2ϩ channels cannot be filled by other VDCC types present in mutant SCG neurons. The N-type gene disruption did not cause apparent developmental defects of sympathetic neurons, in contrast to deficiency of the homeobox gene Phox2b (44) and dopamine ␤-hydroxylase (essential for noradrenaline synthesis; ref. 45) , or trophic effects that would induce denervation hypersensitivity in organs, such as the heart, that are innervated by sympathetic neurons. Surprisingly, the N-type-deficient mice appeared to have a normal life span without apparent behavioral defects, although our initial expectation had been that N-type deficiency would be associated with severe behavioral abnormality or even embryonic lethality, inasmuch as previous studies have demonstrated important contributions of N-type channels to the evocation of essential cellular responses in both the peripheral and central nervous systems (3, (5) (6) (7) (8) (9) (10) (11) (12) 22) . It is therefore possible that other types can substitute for the N-type Ca 2ϩ channels in inducing certain neuronal processes, in contrast to the essential role played by the N-type Ca 2ϩ channels in sympathetic nerve activity. Phenotypes in other tissues such as brain and sensory neurons, where N-type channels are distributed, should also be studied systematically in N-type knock-out mice.
Importantly, the knock-out mice showed elevated basal mAP despite sympathetic nerve dysfunction, which is an interesting observation, because mAP and HR should be decreased if mAP and HR are determined simply through a balance between impaired sympathetic nervous function and intact parasympa- thetic nervous function in the mutant mice. Elevated mAP and HR in mutant mice are not attributable to elevated noradrenaline in plasma or to up-regulation of ␤-adrenergic receptors, as seen in sympathetic denervation, inasmuch as our experiments indicate that the plasma norepinephrine level in wild mice (812 Ϯ 196 pg͞ml, n ϭ 5) is not significantly different from that of mutant mice (680 Ϯ 255 pg͞ml, n ϭ 5) and that the agonist and antagonist sensitivities of ␤-receptors in atrial muscles are similar in wild-type and mutant mice (see above). The elevation of mAP in mutant mice may be due to activation of the renin-angiotensin system, up-regulation of endothelin release, or increased sensitivity of ␣ 1 -adrenergic receptors in the central nervous system. It is known that many patients suffering from primary autonomic failure show supine hypertension in addition to orthostatic hypotension (46, 47) . The mechanism of supine hypertension has not been fully clarified yet. However, it should be interesting to examine whether attenuation of sympathetic activity by down-regulation of N-type VDCCs can be a cause of primary autonomic failure, because the N-type VDCC null mice showed hypertension (Fig. 4) and lack of baroreflex (Fig. 5) . Furthermore, these mice could be useful for the study of renal or pancreatic function, because the functions of these tissues are thought to be strongly dependent on sympathetic nervous activity. Indeed, in insulin-dependent patients with type 1 diabetes mellitus, abnormal sympathetic nervous system function is associated with the progression of renal dysfunction (48) . Thus, the N-type VDCC-deficient mouse is expected to be a useful system for studying autonomic failure.
